Tweezer-like adsorbents with enhanced surface area were synthesized by grafting aniline onto the amine sites of a chitosan biopolymer scaffold. The chemical structure and textural properties of the adsorbents were characterized by thermogravimetric analysis (TGA) and spectral methods, including Fourier transform infrared (FT-IR), nuclear magnetic resonance ( 1 H-and, 13 C-NMR) and scanning electron microscopy (SEM). Equilibrium solvent swelling results for the adsorbent materials provided evidence of a more apolar biopolymer surface upon grafting. Equilibrium uptake studies with fluorescein at ambient pH in aqueous media reveal a high monolayer adsorption capacity (Q m ) of 61.8 mg·g −1 , according to the Langmuir isotherm model. The kinetic adsorption profiles are described by the pseudo-first order kinetic model. 1D NMR and 2D-NOESY NMR spectra were used to confirm the role of π-π interactions between the adsorbent and adsorbate. Surface modification of the adsorbent using monomeric and dimeric cationic surfactants with long hydrocarbon chains altered the hydrophile-lipophile balance (HLB) of the adsorbent surface, which resulted in attenuated uptake of fluorescein by the chitosan molecular tweezers. This research contributes to a first example of the uptake properties for a tweezer-like chitosan adsorbent and the key role of weak cooperative interactions in controlled adsorption of a model anionic dye. Adsorption data at equilibrium and kinetic conditions, along with literature comparison of fluorescein with different adsorbents systems. Materials characterization (1D and 2D (NOESY) 1 H NMR spectra, 1D 13 C-NMR spectra of fluorescein-adsorbent systems, pH PZC results for CS-Ac-An and the effect of pH on the removal efficiency of the adsorbent. Author Contributions: Conceptualization, B.V. and L.D.W.; methodology, B.V.; validation, B.V. and L.D.W.; formal analysis, B.V.; investigation, B.V.; resources, L.D.W.; data curation, B.V.; writing-original draft preparation, B.V.; writing-review and editing, B.V. and L.D.W.; visualization, B.V.; supervision, L.D.W.; project administration, L.D.W.; funding acquisition, L.D.W.
Introduction
Water pollution by different contaminants from industrial activities remains a topic of major environmental concern [1]. Various techniques for the removal of contaminants include precipitation [2] , ion exchange [3] , filtration [4] , solvent extraction [5] , reverse osmosis [6] , coagulation-flocculation [7, 8] , adsorption [9] , and others. Among these approaches, adsorption-based techniques have been extensively studied as an efficient mode of contaminant removal from water, due to their low cost, process flexibility, easy handling and limited usage of secondary chemicals [10] [11] [12] . Recently, researchers have focused on the controlled separation of various kinds of contaminants, such as dyes, metal cations, anions and pharmaceuticals from water resources. The presence of trace amounts of pollutants will produce a large volume of contaminated water which poses some health concerns for human and ecosystem health [13] . Dye-based chemicals with complex molecular structures are often recalcitrant and negatively affect photosynthetic processes. Fluorescein (FL) or uranine is a highly water-soluble red powder, a well-known dye that is widely used in water tracing [14, 15] , fluorescent probing for analyte detection [16] , leakage detection of anti-freezes [17] , the textile industry [18] , and in medicine [19] [20] [21] . Although FL is not considered highly toxic [22] (LC 50 = 3800-5000 mg/L) relative to other synthetic dyes, the problem of intense water coloration that occurs with trace amounts of this dye is understood due to aesthetic considerations. It is noteworthy that comparatively few studies have investigated fluorescein removal from aqueous media using adsorption techniques [23] [24] [25] [26] [27] [28] [29] [30] [31] .
Chitosan is the second most abundant biopolymer with N-acetyl-d-glucosamine and glucosamine monomer units. The presence of polar functional groups in chitosan, hydroxyl (-OH) and -NHR (amine, R = H; or amide, R = acetyl) groups are suitable for adsorption [32, 33] , where some variability of its properties is known according to its molecular weight and degree of acetylation (DAC). Muzzarelli first described the synthesis and adsorption properties of chitosan in 1969, [34] and a body of published work followed thereafter on the removal of waterborne pollutants, including organic or inorganic species [35] . Chitosan flakes are a common material form in practical applications due to its moderate dye removal adsorption properties. However, the structural and chemical properties of pristine chitosan, including its high crystallinity, low surface-to-volume ratio and its relatively low mechanical strength, limit its wider application as an adsorbent material [36] .
The surface grafting of functional groups onto biopolymer surfaces is a key modification technique that increases the number of adsorption sites and the surface area of chitosan, as shown by improved adsorption capacity [37, 38] . The grafting of pendant aromatic rings to the biopolymer backbone of chitosan yields a tweezer-like adsorbent that finds its origin in the term "molecular tweezers" that was coined over 40 years ago by Chen and Whitlock [39] . Therein, a synthetic molecular host with at least two receptor sites are attached together via a rigid or flexible spacer unit. These kinds of hosts can make a sandwich with proper guests through weak intramolecular interactions including π-π stacking, van der Waals, ion-π, and so on [40] [41] [42] [43] . From this point of view, it is possible to develop molecular tweezer-based adsorbents using a chitosan backbone to target aromatic guest species via adsorption [44] .
Herein, we report the preparation and characterization of molecular tweezers obtained by grafting phenyl units onto chitosan, where we demonstrate the utility of such chitosan-based tweezers as an adsorbent for FL uptake with notable adsorption capacity. This study is a first example that reports on the textural, surface chemical properties, and adsorption of fluorescein for such chitosan-based molecular tweezers adsorbents. The functional pendant units of the molecular tweezers are inferred to play a key role in the adsorption process, where the pendant aromatic rings afford molecular recognition via weak cooperative interactions. This study contributes to the design of a unique class of modified chitosan materials via a facile synthetic approach with tunable adsorption properties.
Materials and Methods

Materials
Low molecular weight chitosan (∼75%-85% deacetylation), acetaldehyde, aniline, acetic acid, fluorescein as sodium salt (FL), dodecyl trimethyl ammonium bromide (DTAB) and didodecyl dimethyl ammonium bromide (DDAB), deuterium oxide (D 2 O), hydrochloric acid, ethanol 95%, sodium hydroxide, DMF and acetone (all ACS grade) were purchased from Sigma-Aldrich and used without further purification. Millipore water was used for the preparation of all aqueous samples.
Synthesis of Tweezers-Like Adsorbent (CS-Ac-An)
Low-molecular weight chitosan (1.2 g) was dissolved in 60 mL (2% acetic acid) solution in a 150 mL round bottom flask equipped with a Teflon-coated magnetic stir bar. The solution was stirred for 30 min at 23 • C, followed by addition of aniline (470 µL, 5.1 × 10 −3 mmol) to the light yellow viscous chitosan solution whilst stirring for 30 min further. Acetaldehyde (285 µL, 5.1 × 10 −3 mmol) was added to the mixture, and a white low-viscous solution was formed. The reaction mixture was stirred at 70 • C for 18 h. A 3 M NaOH solution was added gradually to the reaction mixture with vigorous stirring up to pH 7 was attained, where a pink precipitate was formed.
The precipitate was separated from the supernatant using centrifuge for 10 min and washed several times with water and ethanol 70%, dried in vacuum oven at 50 • C for 6 h and stored in a glass vial. Scheme 1 illustrates the synthetic route of grafting the aniline to the chitosan backbone to afford the molecular tweezers-like adsorbent. Scheme 1. One-step synthetic procedure for conversion of chitosan (CS) to the molecular tweezers-like (CS-Ac-An) adsorbent. Note: R is the acetyl group, and its number depends on the degree of deacetylation. Grafted aniline rings are shown in purple while the acetaldehyde spacer is in orange.
Characterization
Thermogravimetric Analysis (TGA)
For thermal gravimetric analysis of the materials, a TA Instruments Q50 TGA system (TA instruments, New Castle, DE, USA) was used, where the heating rate was 5 • C per minute from 23 • C up to 500 • C with a N 2 carrier gas. First derivative (DTG) plots are shown as weight change (%) with temperature (%/ • C) vs. temperature ( • C) to analyze the thermal stability of the materials.
Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectra of solid samples were recorded using Bio-RAD FTS-40 spectrophotometer (Bio-RAD Laboratories, Inc., Hercules, CA, USA). Samples were mixed with spectroscopic grade KBr with a 1:10 (w/w; sample: KBr) ratio by grinding in mortar and pestle. The diffuse reflectance infrared Fourier transform (DRIFT) spectra were recorded in reflectance mode between 500 to 4000 cm −1 with multiple (n = 64) scans and a spectral resolution of 4 cm −1 . All spectra were corrected relative to pure KBr as background at 23 • C.
1 H-and 13 C-Nuclear Magnetic Resonance (NMR) Spectroscopy
All NMR spectra were acquired using a Bruker Advance DRX 500 Hz NMR spectrometer operating (Bruker BioSpin Corp., Billerica, MA, USA) at 500.13 MHz. NMR samples were obtained in D 2 O/HCl at 23 • C. Chemical shifts were internally referenced to tetramethylsilane (TMS, δ = 0.0 ppm). The acquisition parameters for 1 H-NMR are given: number of scans (n = 16), recycle delay (2 s), and acquisition time = 10 µs. The respective parameters for 13 C-NMR spectra are given: number of scans (n = 6352), recycle delay (2 s), and acquisition time = 20 µs. 1D and 2D-NOESY spectra were recorded with mixing time of 350 ms, recycle delay of 2 s with 16 scans and 3k data points.
Degree of Substitution (DS)
The 1 H-NMR spectrum of CS-Ac-An was used to evaluate the DS of grafted chitosan using Equation (1), based on the relative integrals of H 2 of the chitosan and aromatic protons [45, 46] (cf. Figure S1 , inset).
Here, I Aromatics and I H 2 represent the integrals of aromatic protons (grafted aniline to chitosan backbone) and the H 2 proton signals, respectively.
Swelling Properties of the Tweezer-like Adsorbent at Equilibrium
Swelling tests were performed at ambient pH (7.0) by mixing 100 mg of CS-Ac-An with 7 mL of water for 24 h. The weight of swollen CS-Ac-An samples was determined after drying to constant on a pre-weighed filter paper (W s ). The dry weight (W d ) was determined after drying the hydrated adsorbent in a vacuum oven for 12 h at 50 • C [47] . The swelling ratio was obtained according to Equation (2) .
2.3.6. Scanning Electron Microscopy (SEM)
The surface morphology of CS-Ac-An sample was mapped using scanning electron microscopy (SEM Model SU8000, HI-0867-0003, JEOL, Ltd., Tokyo, Japan) without gold coating. The instrument conditions were: accelerating voltage (3.0 kV), working distance (9.1 mm), and magnification (50k×).
Adsorption Studies
Equilibrium Dye Adsorption FL dye adsorption was studied under batch conditions using a fixed amount of the CS-Ac-An (ca. 10 mg) in a sealed 10 mL glass vials and 7 mL of FL solution at ambient pH (7.0) with variable concentration (10-1000 µM). A 1 mM FL stock was prepared by dissolving 0.332 g FL in 1 L of Millipore water and diluted accordingly. A linear calibration curve for FL absorbance at 485 nm was used to determine the concentration of unknown samples. Vials sealed with parafilm were agitated on a horizontal shaker (SCILOGEX SK-O330-Pro) for 24 h at 23 • C at 150 rpm. After achieving equilibrium, the adsorbent settled within 2 min and the supernatant was sampled. The optical absorption of FL was determined using a Thermo Scientific Spectronic-200 UV-Vis spectrophotometer at λ max = 490 nm directly in aqueous solution using Beer's law. Dilution was used when necessary. The concentration of FL before (C o ; mmol L −1 ) adsorption and after (C e ; mmol L −1 ) the process was measured. The uptake of FL at equilibrium was determined using Equation (3) .
Here, Q e (mg g −1 ) is FL uptake per gram of adsorbent, V (L) is the volume of FL solution and m (g) is the mass of the CS-Ac-An used in each vial, considering the dye molecular weight (FL = 332.31 g mol −1 ). Adsorption isotherms were obtained by plotting the adsorption capacity at equilibrium (Q e ) as a function of the residual equilibrium concentration (C e ).
The adsorbent surface area (SA; m 2 g −1 ) in its hydrated form was calculated using Equation (4), where Q m (mol·g −1 ) is the maximum monolayer adsorption capacity at equilibrium, N is Avogadro's number (6.022 × 10 23 mol −1 ), σ (m 2 ) is the cross sectional area of the fluorescein dye (7.13 × 10 −19 m 2 mol −1 for co-planar orientation) [48] and Y is the coverage factor (2 for FL since it makes aggregates when the concentration is higher than 5 µM) [49] .
The removal efficiency (%R) of FL in solution was defined by Equation (5) as C o and C e are defined by Equation (3).
The surface-modified adsorbent was prepared by adding 0.1 g of CS-Ac-An to 10 mL of water and decreasing the pH with concentrated HCl solution until pH 2 to result in solubilization of adsorbent and to yield a clear solution. Then 0.05 g of DTAB or 0.007 g of DDAB was added and mixed thoroughly for 5 min. The surface-modified adsorbent precipitated when the pH increased to 7 using NaOH (3 M), then the product was washed with water and oven dried at 50 • C overnight. The adsorption properties of these surface-modified adsorbents (CS-Ac-An-DTAB and CS-Ac-An-DDAB) were carried out at ambient pH, as described above.
Adsorption Kinetics
The kinetics of FL adsorption by CS-Ac-An were studied using a one-pot method. Briefly, 200 mg of adsorbent was encased within a filter paper (Whatman No. 2) which was saturated with FL solution prior to the adsorption process. The system was immersed in 200 mL of 10 µM FL solution at ambient pH. Sample aliquots (3 mL) removed at different times (t = 0 to t = 180 min) where samples were taken at 3-5 min intervals in first hour and at 30 min intervals in the last hour. The adsorbed amount of FL was evaluated at λ = 485 nm, where the uptake capacities at variable time were determined using Equation (6) .
Here, Q t (mg g −1 ) is FL uptake per gram of adsorbent at different times, C o (µM) is the initial concentration of FL solution after adsorption by the filter paper, C t (µM) is FL concentration at variable time, V (L) is the volume of FL solution after sampling and m (g) is the mass of the wrapped adsorbent; considering the molecular weight of FL = 332.31 g·mol −1 . Isotherms were plotted of adsorption capacity at each time Q t (mg g −1 ) vs. time (min).
Adsorption Isotherms and Data Modelling
The equilibrium adsorption profile was analyzed using Langmuir and Sips adsorption isotherm models (Equations (7) and (8); respectively). The Langmuir model [50] defines homogenous and monolayer adsorption while the Sips [51] isotherm describes heterogeneous monolayer adsorption by an adsorbent with non-uniform adsorption sites.
Q e (mg g −1 ) is the adsorbed FL per gram of adsorbent at equilibrium, Q m (mg g −1 ) is maximum adsorption capacity, K L (L mmol −1 ) is the Langmuir affinity constant, K s (L mmol −1 ) is the Sips isotherm constant that relates to the adsorption energy, n s is a parameter which shows the surface heterogeneity of the adsorbent and C e (mmol L −1 ) is concentration of FL at equilibrium. Comparison between chi-square values was used to find the "best-fit" model, which was confirmed by correlation coefficient (adjusted R 2 ). To quantify the preference of adsorption process a dimensionless constant called the separation factor or equilibrium parameter (R L ) was used, which is defined by Equation (9).
is the initial concentration of FL and K L is the Langmuir constant (L mmol −1 ). For favorable interactions R L values were between zero and one, while an unfavorable interaction indicated an R L value greater than unity. R L = 0 and 1 indicated irreversible and linear interactions, respectively. The separation factor was calculated for different initial concentrations [52] .
The time-dependent adsorption data were tested using the pseudo first order (PFO) [53] and the pseudo second order (PSO) [54] kinetic models, given in Equations (10) and (11) .
Q t (µg g −1 ) is FL uptake at different time intervals; k 1 (min −1 ) and k 2 (g mg −1 min −1 ) are the adsorption rate constants for the PFO and PSO models, respectively. The minimized Chi-square was used to find the "best-fit" kinetic model to the experimental results.
Adsorbent Regeneration Studies
CS-Ac-An was studied for regeneration for up to five cycles. About 10 mg of adsorbent was encased within a filter paper that was added to a 10 mL glass vial followed by addition of 7 mL of FL solution (120 µM) at ambient pH and agitated for 24 h. The FL content was analyzed using UV-vis spectroscopy. The spent adsorbent was decanted, soaked in DMF (3 mL) for 20 min and sonicated for 10 min, followed by further soaking in acetone (3 mL) for 20 min and sonication for another 10 min [27] . Then the mixture was filtered and vacuum dried at 50 • C overnight.
Results and Discussion
As outlined in the introduction section above, the grafting of phenyl units onto a chitosan scaffold has not been reported as a design strategy for the preparation of molecular tweezer-like systems. Therefore, structural characterization using different instrumental techniques was carried out to study the unique structure of the modified chitosan. As well, structural characterization is a key aspect to gaining an improved understanding of the adsorption properties and the role of active functional groups involved in the adsorption process. Complementary adsorption studies with fluorescein (FL) was carried out at equilibrium and dynamic conditions to accompany the characterization results, as outlined in the accompanying sections below.
Characterization of the Tweezers-Like Adsorbent (CS-Ac-An)
3.1.1. TGA TGA curves were recorded as DTG plots from 25 to 500 • C under nitrogen gas, as shown in Figure 1 . The profile of pure chitosan (CS, Figure 1a ) has three major decomposition stages, the first event appears up to 120 • C due to loss of bound water (8-10%), while ca. 75-80% of it decomposes between 215 • C and 380 • C and a remaining weight loss (10%) occurs above this temperature. The tweezer-like adsorbent (CS-Ac-An) decomposes as two broad events. The initial decomposition temperature (IDT) decreases to 200 • C and continues to 350 • C, in this step about 60% of the sample decomposed, while a minor loss appeared between 365 • C and 500 • C for decomposition of 20% of the material. As can be seen in Figure 1 , there is no water loss below 100 • C, in comparison with pristine chitosan.
The trend relates to the higher lipophilicity of the tweezer-like biopolymer structure versus pristine chitosan. The molecular structure of the adsorbent was further characterized by FT-IR and NMR spectra, as outlined in Sections 3.1.2 and 3.1.3. 
FT-IR Spectroscopy
The FT-IR spectra of pristine CS and CS-Ac-An are shown in Figure 2 . The IR spectrum of pristine chitosan is characterized by a broad band at 3000-3500 cm −1 which is due to the strong intermolecular hydrogen bonds of -OH and -NH 2 (amide II) groups. Bands near 2900 cm −1 relate to C-H stretching, 1652 cm −1 to amide I (C=O), 1593 cm −1 to amide II (N-H) bending, 1380 cm −1 to -CH and -CHOH and 1140 cm −1 to C-O-C in agreement with another report [52] . The spectra of CS-Ac-An shows similar features, where the intensity of 3000-3500 cm −1 band decreased due to grafting of -NH 2 groups and disruption of the intermolecular hydrogen bonds. The signature of the grafted rings due to N-H bending and C=C stretching of aromatic bonds appeared as sharp bands at 1607 and 1496 cm −1 , and also at 749 cm −1 , which is attributed to aromatic C-H bending. These results provide evidence that the aromatic rings were successfully grafted onto chitosan the backbone. The grafting is further supported by the 1 H-and 13 C-NMR spectral results in Section 3.1.3. 
1 H-NMR and 13 C-NMR Spectroscopy
1 H-NMR spectra of pristine chitosan (CS) and tweezer-like adsorbent (CS-Ac-An) are presented in Figure 3 , where strong evidence for the grafting reaction is shown. The signal at 1.88 ppm is attributed to the methyl protons for the acetyl group of chitosan, while the resonance line at 2.87 ppm relates to the 1 H nuclei for C 2 . Signatures at 3.45 ppm and 3.60 ppm relate to 1 H nuclei of the C 3 -C 5 and C 4 -C 6 , respectively. The 1 H nuclei of C 1 appeared as a shoulder at 4.58 ppm, where spectral overlap occurs with a prominent solvent peak (HOD) at~4.63-4.97 ppm. These spectral assignments are in good agreement with other reports [55] [56] [57] . As shown in Figure 3b , 1 H-NMR spectra of CS-Ac-An reveal characteristic peaks as a doublet, which is attributed to the spacer methyl group between chitosan backbone and the pendant aromatic ring of aniline (see inset of Figure 3a ). This methyl group appeared as a doublet at 1.32-1.42 ppm due to coupling with the adjacent methylene group. The multiplet signal at 2.40-2.47 ppm relates to methylene spacer, which is coupled with methyl and also N-H protons. Signatures are noted between 6.99-7.25 ppm that arise from aromatic protons of the grafted aniline to chitosan structure. The other glucopyranose signatures have similar chemical shift values to that of pristine chitosan. The DS of aniline rings to the chitosan was calculated to be 40% using the integrated peak areas of the 1 H-NMR signatures defined by Equation (1). The 1 H-NMR spectra of CS-Ac-An with an integrated peak area are shown in Figure S1 in the supporting information (SI). Figure 3 , where strong evidence for the grafting reaction is shown. The signal at 1.88 ppm is attributed to the methyl protons for the acetyl group of chitosan, while the resonance line at 2.87 ppm relates to the 1 H nuclei for C2. Signatures at 3.45 ppm and 3.60 ppm relate to 1 H nuclei of the C3-C5 and C4-C6, respectively. The 1 H nuclei of C1 appeared as a shoulder at 4.58 ppm, where spectral overlap occurs with a prominent solvent peak (HOD) at ~4.63-4.97 ppm. These spectral assignments are in good agreement with other reports [55] [56] [57] . As shown in Figure 3b , 1 H-NMR spectra of CS-Ac-An reveal characteristic peaks as a doublet, which is attributed to the spacer methyl group between chitosan backbone and the pendant aromatic ring of aniline (see inset of Figure 3a ). This methyl group appeared as a doublet at 1.32-1.42 ppm due to coupling with the adjacent methylene group. The multiplet signal at 2.40-2.47 ppm relates to methylene spacer, which is coupled with methyl and also N-H protons. Signatures are noted between 6.99-7.25 ppm that arise from aromatic protons of the grafted aniline to chitosan structure. The other glucopyranose signatures have similar chemical shift values to that of pristine chitosan. The DS of aniline rings to the chitosan was calculated to be 40% using the integrated peak areas of the 1 H-NMR signatures defined by Equation (1). The 1 H-NMR spectra of CS-Ac-An with an integrated peak area are shown in Figure S1 in the supporting information (SI). The 13 C-NMR spectrum of CS-Ac-An, shown in Figure S2 (SI), confirmed the structure of the CS-Ac-An. Signatures of the glucopyranose nuclei chitosan backbone appeared at 32 ppm for methyl of acetyl group, 55 ppm for C2, 59 ppm for C6, 70 ppm for C3, 74 ppm for C5, 76 ppm for C4. Signal at 97 ppm attributed C1. (See inset Figure 3a ,b for the chemical structure). Spectral lines at 17 and 47 ppm were assigned to spacer methylene and methylene groups. Signals between 122-132 ppm correspond The 13 C-NMR spectrum of CS-Ac-An, shown in Figure S2 (SI), confirmed the structure of the CS-Ac-An. Signatures of the glucopyranose nuclei chitosan backbone appeared at 32 ppm for methyl of acetyl group, 55 ppm for C 2 , 59 ppm for C 6 , 70 ppm for C 3 , 74 ppm for C 5 , 76 ppm for C 4 . Signal at 97 ppm attributed C 1 . (See inset Figure 3a ,b for the chemical structure). Spectral lines at 17 and 47 ppm were assigned to spacer methylene and methylene groups. Signals between 122-132 ppm correspond to pendant aromatic carbons which are grafted onto the chitosan backbone, in agreement with the TGA and FT-IR spectral results.
Equilibrium Swelling Properties of the Chitosan Adsorbent
The ability of an adsorbent to retain solvent was studied by equilibrium solvent swelling in water. This method provides insight related to the presence of accessible hydrophilic functional groups of an adsorbent and a measure of its hydrophile-lipophile balance (HLB). The swelling percentage of CS-Ac-An was 40%, in comparison to 400% for pristine chitosan [47] . This considerable drop was related to a reduction of the surface hydrophilicity after grafting of aniline and the reduction in the number of free -NH 2 groups that may undergo hydrogen bonding. Figure 4a ,b illustrates SEM micrographs for chitosan and CS-Ac-An. The images reveal that the grafted chitosan has a different morphology when compared against pristine chitosan. SEM images of chitosan reveal a smooth and regular surface topology, while CS-Ac-An presents a sponge-like surface structure. The SEM results provide evidence that grafting increased the porosity and yields a rougher surface. According to the SEM images, the pendant aromatic rings on the chitosan backbone result in a variable surface topology with greater porosity and surface roughness, in comparison to unmodified chitosan, as shown by the TGA and spectral (FT-IR and NMR) results. 
SEM
Surface Area (SA)
A dye-based SA calculation was used to evaluate the textural properties of the adsorbents in their hydrated form [58] . The surface area of CS-Ac-An in the FL solution was calculated 40.2 m 2 g −1 at ambient pH using Equation (4). The adsorption was inferred to occur via a co-planar mode of adsorption onto the adsorbent surface, where the calculated SA is comparable to a previous report for a chitosan dye-based adsorption study [59] .
Adsorption Studies
Equilibrium Adsorption of FL
The uptake properties of CS-Ac-An was compared against FL at ambient pH. While chitosan shows negligible adsorption for FL, CS-Ac-An exhibited notable adsorption with the dianion form of FL at ambient pH [60] . It appears that strong adsorption interactions occur between FL and the tweezers-like adsorbent, where a concentrated solution of FL (C o = 80 µmol L −1 ) with an initially intense yellow color turned completely colorless upon addition of~10 mg of CS-Ac-An at equilibrium conditions. The adsorption isotherms provide insight into the nature of the adsorbent-adsorbate interactions [61] . In Figure 5 , the Langmuir and Sips models were used to evaluate and the isotherm fitting parameters, as listed in Table 1 and Table S2 (cf. SI). These parameters appear to be comparable for the Langmuir and Sips isotherm models. Table 1 illustrates that the Langmuir model had a lower Chi-square (2.12) as compared with the Sips model (3.68). In addition, the Langmuir model had a higher correlation coefficient (0.993) in comparison to the Sips model (0.985). The poor fit obtained by the Freundlich model was revealed by the values of Chi-square and the adjusted R 2 (cf. Figure S3 ). By contrast, the adsorption process was well-described by the Langmuir model. According to these results, the tweezer-like adsorbent has features consistent with homogeneous sites, monolayer adsorption, and cooperative π-π interactions. These results are consistent with the modified chemical structure of CS-Ac-An due to the presence of the grafted phenyl groups. The monolayer adsorption capacity (Q m ) for FL is 61.8 mg·g −1 which is comparable to other reports for adsorbents used for FL uptake (cf. Table S1) [26, 30] . This high adsorption capacity may be due to the greater surface area in accordance with surface modification of chitosan, according to the SEM results. The role of π-π stacking, OH-π, CH-π, anion-π and apolar interactions between accessible aromatic rings of tweezers-like adsorbent and FL are likely to be important contributions to the enhanced adsorption properties [62] [63] [64] [65] [66] . The R L values calculated (0.01 to 0.55) for different FL concentrations (0.010-1.000 mmol·L −1 ) demonstrate favorable interaction, especially at higher dye concentration [52, 67] . It is worth noting that the removal efficiency of the adsorbent did not change with the solution pH between neutral to highly alkaline conditions (cf. Figure S4 in SI), consistent with the chemical structure of adsorbent. While the adsorbent is soluble in acidic media, it is not practical to study the role of pH effects for such solid-liquid equilibria below pH 6 due to dissolution of the polymer at such acidic pH conditions. 
Equilibrium Adsorption of FL Using Surfactant Modified CS-Ac-An
The adsorption properties of surfactant-modified CS-Ac-An with FL were studied with the use of DTAB and DDAB under equilibrium conditions. In previous studies, different surfactants were used to study the improvement of the adsorption capacity of chitosan and its modified forms with various target pollutants [68] [69] [70] [71] . Herein, two cationic surfactants (DTAB and DDAB) were selected to study the role of surface effects of cationic surfactant doping on the adsorption properties with the FL dianion. The concentrations used for both surfactants were above their respective CMC values (cf. Table S3 in SI) to favor formation of the strong chitosan-surfactant complexes [70] . It can be seen that the results are comparable when both surfactants are in their micellar form and polymer chain becomes saturated. Previous structural characterization results provide evidence of favourable apolar interactions of the chitosan chain with the apolar chain of the surfactants [33, 37, 72] . Figure 6 shows the effect of surfactant impregnation of CS-Ac-An on removal efficiency of a FL solution (120 µmol L −1 ) at equilibrium. As can be seen, the removal efficiency of FL decreased from 98.5% to 73.9% for CS-Ac-An-DTAB and 19.8% for CS-Ac-An-DDAB. Firstly, this can be explained by the role of strong cation-π interaction between polar head group of cationic surfactants and electron rich aromatic rings of tweezer-like adsorbent which involved them enough to decline their interaction with FL [73] , and secondly, by steric effects of the long alkyl tails of the surfactant that hinders an effective adsorbent-adsorbate interaction. In the other words, hydrocarbon tails of the surfactants made the surface of the adsorbent more lipophilic in nature, whereas the FL dye is hydrophilic in nature, as evidenced by its relatively high water solubility and low solubility in organic solvents [74, 75] . A greater decrease in the FL uptake upon applying dimeric surfactant (DDAB) instead of monomeric type (DTAB) provided further confirmation of these results. This difference in adsorption of FL may be due to greater steric hindrance for two long hydrophobic tails of the surfactant with FL that renders an effective adsorbent-adsorbate interaction while the phenyl rings participate in cation-π interactions (cf. Scheme 2). A similar effect was reported by Karoyo et al. [76] upon doping of starch biopolymers with cationic surfactants, where HLB character and adsorption properties of the biopolymer were dramatically altered for the resulting starch-surfactant complex. An apparent decrease of the HLB of the adsorbent surface had an adverse effect on the adsorption of FL that was more evident in the case of DDAB [77] . 
Kinetic Studies of FL Using CS-Ac-An
The kinetic uptake profile of FL against time with CS-Ac-An was obtained using a one-pot kinetic method [78] . The results of the kinetic study at 23 • C are shown in Figure 7 , where the adsorption capacity (Q t ) increased in the first 60 min and remained constant thereafter. The trend can be interpreted by the high number of adsorption sites in the initial stage of the experiment, while after saturation of the adsorption sites, Q t was constant. The PFO kinetic model was observed to be the preferred kinetic model, based on its lower chi-square value (17.1) and high correlation coefficient (0.998), in contrast to the PSO model (cf. Figure S6 for PSO profile). The best-fit parameters for the kinetic adsorption process are summarized in Table 2 for the PSO and PFO models. 
Regeneration Studies
To make adsorption an economic and environmental friendly process for wastewater treatment, regeneration and reuse of the adsorbent should be a consideration in scale-up processes [79] . The regeneration for CS-Ac-An was studied by solvent washing to determine the removal efficiency for adsorbed FL using Equation (5) . The process was repeated for five consecutive cycles. As observed in Figure 8 , the tweezers-like adsorbent did not show any notable loss of its high adsorption capacity through five cycles, where it changed from 98.5% in first cycle to 89.3% in fifth cycle. This shows CS-Ac-An can be used effectively for potential industrial scale wastewater treatment processes. 
Adsorption Mechanism, 1D/2D NOESY Study
A 2D NOESY spectrum for adsorbent-adsorbate complex was obtained to further investigate the adsorption process between the tweezer-like adsorbent with FL. The 2D NOESY spectrum in Figure S7 reveals a cross-peak that occurs between 1 H nuclei of FL and the grafted aniline ring of the CS-Ac-An, provides further confirmation of through-space π-π interactions. Since the NOESY cross-peaks are somewhat weak in intensity, a more sensitive 1D NOESY technique was used to provide further support for the adsorption mechanism by selective irradiation of the desired nuclei [80] , where the results are shown in Figure 9 . To establish the role of π-π interactions between FL and the phenyl grafted units of CS-Ac-An, selective double irradiation of the grafted aniline proton (δ = 7.33 ppm), the entire aromatic region including FL proton was inverted. Similarly, the inversion of grafted aniline protons was observed due to irradiation of the FL signature at δ = 6.92 ppm. Figure 9 . Expansion of 1D-NOESY spectra of FL/CS-Ac-An in D 2 O/HCl (5% v/v) with irradiation at (a) δ = 6.92 ppm (FL proton) and (b) δ = 7.33 ppm (grafted aniline proton). The arrows denote the irritated peaks which cause peak inversion of other nuclei that undergo through-space (π-π) interaction between FL and CS-Ac-An.
Conclusions
A unique aniline-grafted chitosan adsorbent was prepared using a low-cost synthetic method that was based on a green design strategy in water under mild conditions. The resulting surface modification of chitosan yielded a porous adsorbent with high adsorption capacity. Complementary spectral characterization (FT-IR, 1 H/ 13 C-NMR) and TGA revealed covalent grafting of aniline onto chitosan. This study highlights a first example of fluorescein dye adsorption using chitosan with aniline pendant tweezer arms, as supported via 1D-and 2D-NOESY NMR spectral results. SEM results showed a greater surface area of the covalent grafted chitosan versus unmodified chitosan. The unique adsorption properties of the tweezer-like adsorbent with an anionic fluorescein (FL) dye were studied at ambient pH using isotherms at equilibrium and kinetic conditions in aqueous media. The monolayer adsorption capacity (Q m ) of the tweezer-like chitosan with FL was 61.8 mg·g −1 , where the notable removal efficiency was well-described by the Langmuir and PFO models under equilibrium and kinetic conditions. Attenuated adsorption of FL was demonstrated upon surfactant doping of the tweezer-like adsorbent with co-adsorbed cationic surfactants, which provided support of strong cation-π interaction between the surfactant and tweezer-like adsorbent, apart from changes to the HLB of the surface that decreased the FL uptake. Furthermore, the tweezer-like adsorbent was regenerated without notable loss in the adsorption capacity. This study contributes to a greater understanding of adsorption processes for hydrophilic anion species such as fluorescein, using a novel tweezer-like biopolymer system. Surface-modified materials of this type are anticipated to occupy an increasing role in advanced adsorption-based treatment processes due to their adaptive structural properties.
